is an open access repository that collects the work of Arts et Métiers ParisTech researchers and makes it freely available over the web where possible. a b s t r a c t A methodology to predict the formation of superficial stress during the diffusion-limited oxidation of thick epoxy/amine samples is proposed. This quantitative methodology is based on the understanding of mechanisms responsible for this stress lead to superficial micro-cracks. The first step consists of simulating the homogeneous oxidation on the surface of thick samples. The extent of oxidation is assessed through the concentration of oxidation products as amide groups measured using Fourier-transform infrared spectroscopy (FTIR). These experimental results are compared to simulations obtained from a kinetic model based on a close loop mechanistic scheme in chain oxidation. Shrinkage and tensile behavior changes are correlated with an oxidation tracer, being amide groups in our case. The second step considers diffusion-limited oxidation in thick samples where the gradients of oxidation products characterized through thickness by micro-FTIR are simulated by coupling the previous kinetic model with oxygen diffusion. Finally, the gradient of strain and stress induced by oxidation of a thick epoxy/ amine sample is simulated by inserting the mechanical behavior modifications and shrinkage gradient associated with the amide gradient in finite element code (Abaqus ® ). As a result, it is shown that it is possible to predict the superficial stress level as a function time/temperature of exposure and sample geometry.
Introduction
It has been known for decades that oxidation damages polymers or polymer matrix composites [1] , with long-term damage tending to limit their "lifetime" [2] . As the oxidation process is a major concern for polymer durability, the prediction of its kinetic based on accelerated tests is still a challenge. Most of the time, accelerated tests involve accelerating the exposure temperature. However, a temperature increase can modify the competition between mechanisms involved in the entire degradation process. The best example is the oxidation of thick samples where the oxidation kinetic is controlled by the diffusion of reactive molecular species e here, oxygen e often called diffusion-limited oxidation (DLO) [3e5]. The DLO process is then characterized by the appearance of a superficial oxidized layer. The thickness of this oxidized layer (TOL) can be assessed in a first approach using the following scaling law: TOL $ ðD O2 =KÞ 1 2 , where D O2 is the oxygen diffusion coefficient and K the relative oxidation rate, with both quantities D O2 and K being activated by temperature in a different manner. However, this scaling is only valid for first order oxidation kinetic assuming a stationary state which is not true in many cases.
The consequence of DLO is an inhomogeneous distribution of the oxidation products, which are concentrated in the layer closest to the surface [6] . As oxidation product formation is associated with macromolecular changes such as chain scission and crosslinking, a gradient of physical and mechanical properties is then expected. For most polymers, oxidation leads to mass loss and density increase, with the latter being due to oxygen grafting. As a result, a shrinkage strain profile proportional to the oxidation product profile is established. The assessment of this shrinkage profile is experimentally complex, since the unoxidized sample core limits the macroscopic strain [7] . For instance, measurements of matrix shrinkage in composite surfaces have been performed using interferometric microscopy [8] . Another possible way is to characterize the stress field induced by the shrinkage gradient by inverse analysis [9, 10] . However, this approach requires knowledge of the local mechanical behavior through the oxidized layer.
In this study, we propose a new methodology to predict the stress and strain field induced by the DLO process. This methodology is based on a multi-scale approach involving main modifications driven by this process. For this purpose, the methodology follows the steps described below:
1. The intrinsic oxidation rate is assessed for a given exposure temperature by identifying a relevant marker at the molecular scale: for instance, an oxidation product that is easily measurable by Fourier-transform infrared spectroscopy (FTIR). To ensure that oxidation is intrinsic to the polymer, accelerated tests are performed on thin films to confirm that oxidation is not controlled by diffusion. Although some authors have proposed to directly assess oxidation rate by oxygen uptake [11] , we propose here the FTIR method, since it can also be coupled with microscopy to measure the oxidation gradient as outlined in step 3 below. 2. Kinetic modeling of the relevant marker is built based on a closed-loop oxidation mechanistic scheme. The modeling parameters are determined from experimental data obtained in step 1 for a given exposure temperature. Our approach here is to determine kinetic parameters by the inverse method for the given polymer [12] . 3. On the thin samples where oxidation is homogeneous, some correlations between oxidation markers and physical properties are established. Two main properties are taken into account as a function of oxidation extent: the first is the shrinkage associated with mass and density changes, and the second is the mechanical behavior. While modulus change is obviously required, the changes of nonlinear polymer behavior should be considered to predict stress state as a function of the strain induced by shrinkage. 4. For the same exposure temperature as in step 1, thick samples are exposed to identify the DLO progress. Several experimental tools such as microscopy [13] , FTIR, and electron spin resonance imaging [14] allow us to characterize the oxidation gradient through thickness. 5. The previous kinetic modeling is made more complex by adding oxygen diffusion. Using the oxygen diffusion value, oxidation profile simulations may be performed and the results compared to the experimental oxidation marker profile obtained in step 3. This step allows us to check the validity of the kinetic modeling, including oxygen diffusion. After validation, the kinetic modeling allows us to simulate marker profiles as a function of time by interpolation. 6. Oxidation marker profiles are introduced in the finite element (FE) code for a given exposure duration. Using step 3, local induced strain and mechanical behavior are associated with a level marker. 7. Finally, FE simulations give access to the stress-strain field for a given exposure duration. This approach is applied not only in 1D but also in 2D to investigate the influence of geometry on the stress-strain field induced by the DLO.
Our purpose here is to illustrate this approach by applying our methodology to the oxidation of an epoxy/amine system as a material model. Epoxy/amine system is indeed a good candidate, since it shows moderate ductile behavior to ease the mechanical analysis. Furthermore, the oxidation process of this system has already been studied in the literature [15] . with a maximal peak temperature of 117 C and an onset temperature at around 60 C. Samples were cured under vacuum at 60 C during 2 h and then post-curing at 160 C. The full cure was checked with the loss of the 914 cm À1 peak being attributed to the epoxide group. After the curing cycle, T g was found close to 166 C, which confirmed that the samples had achieved complete crosslinking. This aspect is crucial to confirm that modifications observed during ageing are necessarily associated with an oxidation mechanism.
Materials and methods

Materials and ageing procedure
To accelerate the oxidation process, thin and thick sample exposures were performed in air at 110 C in ventilated ovens regulated at ±3 C.
Characterization of homogenously oxidized samples (thin samples)
Oxidative products were followed using FTIR. FTIR spectroscopy in transmission mode was performed on freestanding films of a thickness between 10 and 20 mm using a Frontier spectrophotometer (PerkinElmer) in the 550 to 4000 cm À1 wavenumber range by averaging 16 scans at a 4 cm À1 resolution. Spectra were interpreted using Spectrum software (PerkinElmer) using a baseline correction on following points 3700 cm À1 ; 2472 cm À1 ; 2000 cm
À1
. Since absorbance (A) value is assessed from peak height at a given wavenumber, the concentration of oxidation products was calculated using the Beer Lambert law:
where A is the absorbance (corrected by the baseline value), ε l (l mol À1 cm À1 ) the molar absorptivity equal to ε 1656 ¼ 470 l mol À1 cm À1 for amides [16] , l (cm) the thickness of the film, and C l (mol l À1 ) the concentration of the considered species.
Density was measured on a XS203S density scale (Mettler Toledo) with an accuracy of ±0.005 g. For our purpose, the density of the solvent had to be a lower than that of the epoxy/amine networks (close to 1.2 g cm À3 ) to make the measurement more accurate. We chose acetone with a density of 0.79 g cm À3 (and assumed that time for measurement was short enough to avoid solvent swelling or short chain extraction). Two samples with a mass of at least 100 mg (square 2 Â 2 cm 2 ) were tested when the mass and density of each network were monitored at each exposure condition to verify the repeatability of the measurements obtained.
Uniaxial tensile tests were carried out on an Instron ® 5881.
Dumbbell specimens were stressed at an imposed displacement speed of 1 mm min
, with the forces being measured by a cell with a capacity of 100 N. A low displacement speed was chosen to consider mechanical behavior in static. The tests were performed in air-conditioned room at 23 C. Specimens cut in films having their thickness close to 70 ± 20 mm in order to avoid heterogeneous oxidation. For each tensile test, exact thickness of specimen has been measured by using a length gauge Heidenhain with an accuracy of 0.2 mm.
Characterization of heterogeneously oxidized samples (thick samples)
A cross-section of 1 mm was cut in the middle of each thick sample. Microscopic observations were then made using the Axio imager 2 (Zeiss) microscope. Transmission and reflection images were compared to ensure that the value of oxidized layers observed in these two modes was consistent.
The second experimental technique for evaluating oxidized layers was the use of a microscope coupled to FTIR. For this, the thick samples oxidized at 110 C were cut transversely into films of 20e30 mm in thickness. Micro-FTIR makes it possible to carry out analyses in transmission with steps of 20 mm.
Results
Homogenous oxidation
To identify local behavior through thickness in the DLO regime, oxidation on thin films is required. On these films where oxidation can be considered to be homogenous, the aim is to assess oxidation progress and correlate the degradation level linked to oxidative product concentration with physical properties in terms of shrinkage and mechanical behavior in tensile mode.
Oxidation progress: concentration of amide
With FTIR, the oxidation progress for epoxy/amines can be followed using different oxidation products such as carbonyl and amide groups [15, 17, 18] . For the sake of simplicity, oxidation progress is followed here only using amide concentration as an oxidation tracer. Amide group formation is easily characterized by the growth of the peak height at 1656 cm . In other words, 1 mol l
À1
corresponds to about 12% of amine linkages being oxidized. Given the results shown in this figure, amide concentration will be considered to be an oxidation tracer in the following sections.
Shrinkage induced by oxidation
It was reported that the oxidation of DGEBA/IPDA leads to a significant number of chain scissions [22] . At high conversion degrees, they are associated with the emission of volatile compounds such as H 2 O and CO 2 , and thus mass loss [7] . At the same time, it is expected that density will increase due to oxygen grafting associated with the oxidation mechanism [23] . It is easy to show that volumetric shrinkage (V) can be estimated from changes in mass (m) and density (r) using the following formula [24] :
It was observed that density changes were negligible compared to mass changes. As a result, volumetric shrinkage is mainly associated with a mass loss process in our case. Fig. 2 shows volumetric shrinkage as a function of amide concentration. Since a reasonable correlation is evidenced in this figure, we propose using this "structure-property" relationship in a first approach to establish a link between the oxidation tracer observed at the molecular scale and physical properties such as shrinkage. Although this relationship is empirical, it allows us to estimate the local shrinkage occurring in an oxidized layer. To confirm this correlation, a possible way could be to perform exposures at several temperatures or oxygen partial pressures and analyze volatile products chemically.
Mechanical changes induced by thermo-oxidation
To gain information about local mechanical properties in an oxidized layer, we investigate here the link between amide concentration and mechanical behavior for homogenously oxidized samples at several exposure times. For this purpose, stress strain curves of DGEBA/IPDA aged under air at 110 C for exposure times up to 240 h are shown in Fig. 3 .
According to Fig. 3 , it appears that oxidation clearly modifies the mechanical behavior after 111 h and 240 h of exposure. Note that after 240 h of exposure, the films are too brittle to perform tensile testing. It can be observed that the nonlinear character of the tensile curve for the unaged sample, which can be associated with viscous or plastic deformation, is removed during the oxidation process: although the modulus and stress at break increase, the drop in terms of strain at break and of toughness (from 3.5 J cm 3 to 2.6 J cm 3 ) from the beginning of exposure denotes an embrittlement process during oxidation as discussed in Ref. [22] . One of the most noticeable trends is the increase in the elastic modulus (at the mechanical test temperature, i.e. 23 C). To evidence the relationship between the oxidation progress and modulus increase, the modulus is plotted as a function of amide concentration in Fig. 4 .
The most probable explanation for this modulus increase is that the progressive disappearance of hydroxypropylether due to the thermal oxidation process induces the loss of the "plasticization" effect associated with the local mobility of hydroxypropylether and a subsequent increase in the elastic modulus [25, 26] . Indeed, DGEBA/IPDA is mechanically tested here in the temperature domain between its glass transition (T g equal to 166 C) and subglass transition (T b equal to À60 C, measured by DMA see Ref. [18] ). A previous study [27] has been reported the influence of oxidation on epoxy/amine network. In this paper authors have followed the glass transition temperature (in differential scanning calorimetry) during the oxidation of various epoxy/amine networks and especially in DGEBA/IPDA. In the case of DGEBA/IPDA, it has been shown that glass transition temperature dramatically decreases during the oxidation of this network. Using DiMarzio equation allows the authors of this study to conclude that oxidized DGEBA/IPDA undergoes mainly chain scission. However, one can note that even if DGEBA/IPDA mainly undergoes chain scissions that decrease its glass transition, T g remains above 145 C in the investigated time range (0e240 h at 110 C).
Diffusion-limited oxidation case
One of the most striking features of the oxidative ageing of thick epoxy materials is the oxidation controlled by oxygen diffusion: the oxygen from air diffusing from the surface to the bulk mainly reacts at the surface layer. As a result, this oxygen can no longer contribute to oxidation in the core of the sample. This leads to the existence of an oxidized layer, as illustrated in several previous papers on epoxies and other polymers such as elastomers and thermoplastics [10, 19] . Several methods to characterize the oxidized layer have been proposed in the literature: optical microscopy through the thickness, mapping of oxidation products by micro-FTIR or hardness profile [28, 29] . Here we propose characterizing the oxidation product profile across the thickness using micro-FTIR and optical microscopy. Fig. 5 shows the amide concentration profiles for DGEBA/IPDA aged at 110 C under air after 800 h. An optical microscopy image for the same sample is shown in the insert of Fig. 5 . By using both techniques, the thickness of the oxidized layer (TOL) is around 200 mm.
Discussion
Based on experimental data, we propose to apply our modeling methodology to predict stress-strain induced by oxidation. The modeling is composed of two parts: the first is a kinetic model to simulate amide group formation as a function of exposure time in thin film and amide groups through the thickness of thick samples; the second is dedicated to introducing the amide group profile in FE code and its corresponding local properties in terms of shrinkage and mechanical behavior.
Kinetic modeling for oxidation at the molecular scale
It was well established that the oxidation mechanism of epoxies can be represented by the following mechanistic scheme [13] :
Where:
, POOH, and PH are respectively alkyl, peroxy radicals, hydroperoxides, and oxidizable sites; -P¼O and V represent amide products (observed from FTIR) and volatile compounds; -k i and g i are the rate constants and yields of elementary reactions. Each is expected to have a physical sense. The method for their determination can be summarized as follows.
k 2 corresponds to the reaction between an alkyl radical (P ) and oxygen (which is a biradical). This rate is expected to be relatively high [30, 31] . It is shown not to influence the simulation runs provided that its value is physically reasonable (10 6 e10 9 l mol À1 s À1 ). The value was fixed here at 10 6 l mol À1 s À1 as for polyamide [30, 32] . k 3 describes the reaction of hydrogen abstraction by a peroxy radical. It obeys a structure-property relationship. Its value is linked to the strength (i.e., bond dissociation energy or BDE) of the broken C-H according to the relationships proposed by Korcek [33] : since log 10 k 3 ¼ 16.4e0.0477*BDE (C-H), E 3 ¼ 0.55 Â (BDE (C-H) e 261.6). BDE was approximated to be equal to 381 kJ mol À1 so that E 3 ¼ 60 kJ mol À1 and k 3 (110 C) ¼ 3.5 l mol À1 s
À1
. k 4 , k 5 , and k 6 can be selectively determined from ageing tests under several oxygen pressures [34] . In short, under enhanced oxygen pressure, P radicals are quickly scavenged by O 2 and instantaneously generate POO radicals so that the termination POO þ POO predominates, and its rate constant can be estimated selectively from the maximal oxidation rate value. Subsequently, k 4 and k 5 are used to simulate the degradation under lower oxygen pressure where P þ POO and P þ P reactions are involved. They thus verify the ranking [5, 35] 
At last, according to our assessment methodology, k 1 is adjusted from the degradation curves during the early exposure time. Here it corresponds to the thermal decomposition of hydroperoxides present at the heteroatom position. Its value is thus expected to be higher than in polyolefins (for example) where no such inductive effect has a destabilizing effect [31] .
The values for the rate constants are given in Table 1 .
The mechanistic scheme leads to the following differential system:
The oxygen concentration in the surface layer is expected to be constant as provided in Henry's law [O 2 ] ¼ s O2 .P O2 . As a result, the outputs of the model are the concentration in reactive species (P , POO , POOH). The concentration in amides is obtained from their "post-treatment" by integrating the following equation:
The numerical solution of this 1D model is performed in time and space using a numerical solver (Matlab ODE 23s) with the following boundary conditions partly justified elsewhere [36] :
where M CRU is the molecular mass of the constitutive repetitive unit of the DEGBA/IPDA network.
[PH] 0 value corresponding to the substrate concentration value for our epoxy network is reported in Table 2 .
The material parameters for oxygen solubility and diffusivity The insert shows an optical microscope image of a sample oxidized at 110 C in air after 800 h.
Table 1
Rate constants used for the simulation of experimental results at 110 C. Table 2 . Let us specify that.
-s O2 and D O2 were measured at room temperature using a standard permeameter [37] ; -s O2 was considered to remain almost constant with temperature, whereas D O2 value at 110 C was based on the literature [13, 38] as detailed in Table 2 . For more information on the Arrhenius behavior of both quantities, see Ref. [39] . Let us note that the solubility of oxygen is not really constant with temperature. However, a recent paper illustrates the solubility change with temperature in epoxies and show they are really minor compared to diffusivities ones [39] and shows that values of solubility remain in the same decade even with 100 C temperature changes. The real activation energy for solubility for DGEBA/IPDA system is unknown which arises the question of the effect of [O 2 ] misestimation on our simulations. As it can be seen in the differential system, the oxygen concentration is always associated to the rate constant k 2 so that an overestimation of [O 2 ] can be compensated by an underestimation of k 2 . Fig. 1 shows a comparison between experimental and simulated amide formation. Although k 1 , k 6 , and g 6 parameters values were optimized using the inverse method, one can observe a good data agreement, especially at the beginning of exposure where a slight auto-acceleration is observed. After 500 h, a deviation can be observed between experimental data and the kinetic modeling: at the degree of oxidation. This deviation at this stage can be explained by the fact oxidation can lead to secondary products (resulting from the conversion of primary products into by products differing by their molar absorptivity, or originating from other sites than methylene in a position of nitrogens …), the formation of which being not an output of the kinetic model we used.
In the case of thick samples, the consumption of oxygen is expressed by the following equation that describes the coupling between oxygen absorption (reaction 2)/release (reaction 6) due to oxidation and oxygen diffusion [4, 6] :
Let us precise that it was assumed that [O 2 ] and D O2 remain constant with time i.e. oxidation level (even if, for example, a recent paper highlighted the effect of permeability change in photo oxidized PET [40] ). The effect of chain scission/crosslinking and polarity changes on oxygen transfer properties in epoxies remains to be investigated. However, the fact that the model simulates fairly the order of magnitude of oxidized layer using rate constants fitting the kinetic curves at moderate conversion degrees and permeation parameters for unoxidized epoxies justifies, in a first approach, that the model can simulate the oxidation of bulky materials at moderate conversion values. Fig. 5 shows amide concentration profiles in 1D for three exposure times: 111 h, 240 h, and 800 h of exposure at 110 C. First, one can observe a good agreement between simulates and experimental profiles for 800 h of exposure. The amide concentration gradient from the edge of the samples are well described, confirming the relevance of our approach. Simulated profiles for 111 h and 240 h as shown in Fig. 5 will be introduced in FE code in the following part.
Finite element analysis for stress-strain field induced by oxidation
To take into account neighboring and geometrical effects, which cannot be considered in the 1D semi-analytical approach, as well as the material behavior nonlinearities, we use FE analysis to simulate the mechanical fields induced by the oxidation of epoxy networks.
The amount of shrinkage due to oxidation locally depends on the sample geometry as well as the local material mechanical response, which evolves with the degree of oxidation. Given the nonlinearity involved, a simple rectangular 2D geometry (cf. Fig. 6 ) is considered for computing the stress and strain fields.
Geometry design, mesh generation, and FE are performed using the Abaqus FE package [41] , standard version, with an implicit numerical scheme and 2D plane strain assumption. The generated mesh (Fig. 6 ) contains 4230 quadrilateral elements with 8 Gausspoints (CPE8), with a non-uniform size distribution, ranging from an element area of 1 mm 2 at the center of the sample to 0.0001 mm 2 at the corners, for a total size of 10 Â 20 mm.
To solve the chemo-mechanical problem, we proceed as follows: Fig. 6 . Schematic description of the geometry considered and boundary conditions involved, with non-uniform mesh containing 4230 CPE8 elements describing the sample geometry.
1. Sample size and oxidation time are considered. 2. Amide concentration is given according to the previous oxidation kinetics modeling. 3. Strain induced by oxidation is directly related to shrinkage according to our plane strain hypothesis, shrinkage being related with amide concentration in Fig. 2 . 4. Material chemo-elastoplastic behavior (elastic modulus, plastic yield stress) varies with amide concentration according to the mechanical tests performed on the oxidized films, thus leading to heterogeneous mechanical fields.
The material behavior defined in Abaqus corresponds strictly to the nonlinear tensile curve measured experimentally for a given oxidation time and amide concentration, assuming that the Poisson ratio remains constant at 0.37. For other oxidation times or amide concentrations, the nonlinear elastoplastic behavior is linearly interpolated proportionally to the amide concentration. No extrapolation is considered above the highest oxidation time (240 h in this work).
The lifetime prediction model of thick samples has already been validated from experimental data (Fig. 5) . For this reason, the amide gradient concentration was included in the FE by fitting the model curve at 111 h and 240 h (Fig. 5) .
According to our methodology, Figs. 7 and 8 show strain as a function of DGEBA/IPDA sample thickness for an oxidation time of 110 h and 240 h, respectively. To illustrate geometric influence on oxidized layer shape, two orientations were considered: 90 in a straight direction from the surface to the middle of the sample and 45 from the corner to the middle of the sample. One can observe that the maximum strain at surface at 240 h in Fig. 8 is higher than the strain at break in Fig. 3 . However, this experimental strain at break value is not an intrinsic property from failure point of view since these measurements are very sensitive to edge effects and cannot thus compare to the maximum strain predicted from the FE simulation.
To predict stress state at the surface of the oxidized sample, it is mandatory to have experimental data on the mechanical behavior of thin samples of DGEBA/IPDA. Two oxidation times are considered (i.e., 110 h and 240 h), as longer oxidation times result in samples that are too brittle to obtain accurate mechanical data in the tensile test.
Based on the stress-strain behavior identified in Fig. 3 and its interpolation for any oxidation conversion, the chemo-mechanical simulation is performed through FE analysis, yielding the mechanical fields shown in Figs. 9 and 10 for an oxidation time of 110 h and 240 h, respectively. As in Figs. 7 and 8 , two orientations were considered: 90 and 45 .
The structural effect of geometry can be seen on both the stress and strain maps, as the level of stress and shrinkage is lower in the corner (i.e., 45 ) than at the center of the surfaces (i.e., 90 ). This is due to the shrinkage equilibrium induced by the two perpendicular chemical loads as well as the corner that geometrically stiffens the sample. As a result, no cracking phenomenon is expected close to the corner as some authors have already observed experimentally [42] .
Besides, a micro-meso damage model have been proposed to investigate the degradation of laminated composites under cyclic loading, including the effect of oxidation and the influence of the edge effect [43, 44] . This approach considers oxidation leads to local reduction of tenacities in the oxidized layer after oxidizing thermal cycling for instance. According to this approach, the authors have demonstrated the corner effect delays crack initiation (45 vs 90 ).
The maximum stress obtained by the simulation at the 90 C level has the same order of magnitude as the experimental mechanical strength of epoxy (~80 MPa in Fig. 3) ; this result is consistent with experimental results on oxidized samples at both 111 h and 240 h, which showed no cracking phenomena. Although the present simulation validates the semi-analytical 1D model proposed for the quasi-semi-infinite plane case (90 ), it also shows a non-monotonic stress state along the 45 direction due to geometric effects that could not be reproduced by the semi-analytical model. Therefore, these results advocate the preferential use of FE simulation to account for the geometrical features of structures and their effect on the overall chemo-mechanical response and durability of thermosets. Fig. 9 . Maximum principal stress as a function of DGEBA/IPDA sample thickness oxidized for 110 h; 90 in a straight direction from the surface to the middle of the sample and 45 from the corner to the middle of the sample. Fig. 10 . Maximum principal stress as a function of DGEBA/IPDA sample thickness oxidized for 240 h; 90 in a straight direction from the surface to the middle of the sample and 45 from the corner to the middle of the sample.
Conclusion
The main purpose of the present work was to propose a methodology to predict stress field in oxidized layers at the edge of thick parts. This methodology was applied to epoxy/amine oxidation in an accelerated test condition. The main originality here was coupling kinetic modeling involving DLO mechanisms with FE simulations that include local physical and mechanical behavior changes induced by oxidation.
Kinetic modeling coupled with oxygen diffusion successfully described the appearance of the oxidized layer during exposure. More precisely, the amide profile (1D) was simulated using a model in which kinetic parameters were previously assessed on thin films, i.e., independently of amide profile formation in thick samples. Through this modeling, the amide profile can be predicted for all exposure times.
This multiscale approach required us to identify and assess different relationships such as the relation between oxidation and shrinkage, or between oxidation and mechanical properties. Although the relationships can appear quantitatively as correlations, the physical meaning of these relationships are clearly understood. In the case of epoxy/amine, shrinkage is mainly driven by mass loss associated with volatile products, while mechanical behavior modifications characterized by modulus increase are linked to sub-glass transition disappearance.
Finally, by coupling the oxidation marker profile with local shrinkage and chemo-elastoplastic behaviors associated in FE code, stress-strain states were simulated in 1D. Furthermore, 2D geometry was also investigated to evidence the influence of geometry on the stress-strain state due to DLO.
